Quasinormal modes of Dirac field in the background of a non-Schwarzschild black holes in theories with higher curvature corrections are investigated in this paper. With the help of the semi-analytic WKB approximation and further using of Padé approximants as prescribed in [1] we consider quasinormal modes of a test massless Dirac field in the Einstein-dilaton-Gauss-Bonnet (EdGB) and Einstein-Weyl (EW) theories. Even though the effective potential for one of the chiralities has a negative gap we show that the Dirac field is stable in both theories. We find the dependence of the modes on the new dimensionless parameter p (related to the coupling constant in each theory) for different values of the angular parameter ℓ and show that the frequencies tend to linear dependence on p. The allowed deviations of qausinormal modes from their Schwarzschild limit are one order larger for the Einstein-Weyl theory than for the Einstein-dilaton-Gauss-Bonnet one, achieving the order of tens of percents. In addition, we test the Hod conjecture which suggests the upper bound for the imaginary part of the frequency of the longest lived quasinormal modes by the Hawking temperature multiplied by a factor. We show that in both non-Schwarzschild metrics the Dirac field obeys the above conjecture for the whole range of black-hole parameters.
I. INTRODUCTION
Recently, the interest in studying new alternative theories of gravity has been increasing see, for instance, [2] . In spite of its efficiency, the unmodified general theory of relativity is not able to answer some fundamental questions. Some of the most important problems are the construction of non-contradictory quantum gravity, the singularity problem, the problems of dark matter and dark energy. The problem of the construction of non-contradictory quantum gravity is connected with the non-renormalizability of General Relativity. This can usually be solved by adding the higher order terms in curvature to the theory [3] . In this paper, we will consider two different approaches: the first approach is related to adding of the Gauss Bonnet term coupled to a dilaton [4] [5] [6] , while the second theory consists of the Weyl term [7] added to the Einstein action. Both theories are inspired by the low energy limit of string theory [8] , which contain quadratic corrections in curvature, but the Gauss-Bonnet term alone leads to the full divergence and does not contribute to the equations of motions, so that there remaining only two options for adding higher curvature corrections: either coupling of the Gauss-Bonnet term to other fields or choosing essentially non-Gauss-Bonnet quadratic corrections. Thus, here we will consider example of the both options.
The Lagrangian of the Einstein-dilaton-Gauss-Bonnet gravity is:
where α ′ is the Regge slope, g is the gauge coupling constant and φ is the dilaton field function. Black holes in the Einstein-dilaton-Gauss-Bonnet gravity has been recently investigated in number of papers [6] , [9] [10] [11] [12] [13] [14] [15] [16] [17] .
For the Einstein-Weyl gravity the Lagrangian can be written as follows:
where α, β and γ are coupling constants, C µνρσ is the Weyl tensor. For spherically symmetric and asymptotically flat solutions we can choose γ = 1 and β = 0 [18] , so that the only new coupling constant is α. The condition R = 0 is evidently satisfied in this case, so that the Schwarzschild solution is also the solution of the above theory. The static spherically symmetric and asymptotically flat black holes in the Einstein-Weyl theory represent the generic class of black hole solutions in the quadratic theories of gravity if no other matter fields are added. They have been recently studied in [19] [20] [21] [22] . Recently black holes in the both theories have been extensively studied. In particular, quasinormal modes were found for test scalar and electromagnetic fields [17, 20] . Although quasinormal modes of a Dirac field around black holes in the Einstein gravity were studied in detail in a number of papers (see [23] [24] [25] [26] [27] and reference therein), to the best of our knowledge there are no works devoted to Dirac quasinormal modes in theories with higher curvature corrections. When considering the neutrino field, the special attention must be paid to the presence of a negative region of a potential curve with negative chirality. The positive definite effective potential guarantees dynamical stability of perturbations, that is, absence of unboundedly growing modes. For the one of the chiralities of Dirac field in the Schwarzschild background the negative gap does not lead to the instability because the other chirality provides positive definite potential and the both chiralities are proved to be iso-spectral. However, the iso-spectrality has never been proved for the considered non-Einsteinian theories, so that the instability cannot be excluded a priori. Because of this, it would be interesting to study the quasinormal spectrum of the Dirac field in the above non-Einsteinian theories of gravity and see whether there is an instability. After all, the test of stability is extremely important for higher curvature corrected theories because of the so called eikonal instability which occurs in a abroad class of theories with various higher curvature corrections, spacetime dimensions and asymptotics [28] [29] [30] [31] [32] [33] , and not only for gravitational, but also for test fields [34] .
We will analyze values of modes at the low angular parameter ℓ and in the eikonal regime. We will find dependencies of the complex frequency on the new dimensionless parameter p (related to the coupling constant in each theory). In addition, we will compare quasinormal modes of both theories between each other and with modes of other fields in each theory. In addition here we will test the quasinormal modes of Dirac field in the above two theories as to the Hod's conjecture [35] who claims that there must always be a minimal mode whose damping rate is limited by the Hawking temperature multiplied by some factor. This work is organized as follows. In Sec. II we introduce a metric and a general wave equation and consider the effective potential for the Dirac field for a spherically symmetric black hole. For this case we prove that the Dirac perturbations are linearly stable in both theories. In Sec. III, the basic principles of the WKB method are briefly considered, an analytical approximation in the eikonal regime is analysed Sec. III A, the quasinormal modes for test massless Dirac field are found, a comparative analysis is made for the our result with the results for other fields in these theories of gravity Sec. III B. In Sec. III C we will check the Hod's conjecture for the Dirac field in Einstein-dilaton-Gauss-Bonnet and Einstein-Weyl gravities.
II. BLACK HOLE METRIC AND ANALYTICS FOR THE WAVE EQUATION
In the general case the metric for a spherically symmetric black hole can be written in the form:
where e µ(r) and e ν(r) are the metric coefficients. The explicit expression for the metric coefficients were obtained numerically in [36] for Einstein-dilaton-Gauss-Bonnet gravity and in [18] for Einstein-Weyl gravity. The approximate analytical expressions (which will be used here) were obtained in [37] for the Einstein-dilaton-Gauss-Bonnet metric, in [38] for the Einstein-Weyl metric. They are also written down in Appendixs A, B. We parameterize the both black-hole solutions in theories (1, 2) via the following dimensionless parameter p up to the rescaling:
For convenience we fix radius of the black-hole event horizon to be r 0 = 1. For all p the Schwarzschild metric is the exact solution of the Einstein-Weyl equations as well, but only at some minimal nonzero p min , in addition to the Schwarzschild solution, there appears the non-Schwarzschild branch which describes the asymptotically flat black hole, whose mass is decreasing, when p grows. The approximate maximal and minimal values of p are:
p min,EW ≈ 1054/1203 ≈ 0.876, p max,EW ≈ 1.14.
The general covariant Dirac equation has the form [39] :
where γ α are noncommutative gamma matrices and Γ α are spin connections in the tetrad formalism. We separate of angular variables in equation (6) and rewrite the wave equation in the following general master form in terms of the "tortoise coordinate" r * [39] :
The effective potentials of test Dirac (s = ±1/2) field in the general background (3) can be written as follows:
where the prime designates the differentiation with respect to the "tortoise coordinate" r * . The effective potential V (r) for the EW gravity for ℓ = 1; the blue line corresponds to p = 0.876, the red line corresponds to p = 0.9816 and the green line is p = 1.14: (a) V−(r); (b) V+(r).
In the both cases for the "plus" ("minus") potential of the Dirac field k = ℓ + 1 (k = ℓ). As can be seen from figs. (1(a), 2(a)) the potential V − (r) has a negative gap near the event horizon. The same behavior is appropriate to the potential V − (r) in the Schwarzschild case. However, as it was shown earlier for black holes for which both metric coefficients are equal (like for the Schwarzschild case e µ(r) = e −ν(r) [40] ), the potentials of opposite chiralities can be transformed into each another with help of the Darboux transformation. This means that from both potentials we get the same quasinormal spectrum. It allows us to ignore the negative gap of the "minus" potential an and talk about overall stability for the Schwarzschild case. When both metric coefficients are not the same anymore, to the best of our knowledge the iso-spectrality of both chiralities was not shown. Here we can see that the following replacements:
provides the Darboux transformation of equations (7, 9) for transition between "minus" (given by V − (r) and "plus" (V + (r)) perturbations. As the potential for one of the chiralities is positive definite, this immediately guarantees the stability of the Dirac field for the other chirality in both considered theories. Therefore, we can use only stable potential. Later in the work, we will use the potential V + (r).
III. QUASINORMAL MODES OF MASSLESS DIRAC FIELD FOR EINSTEIN-DILATON-GAUSS-BONNET AND EINSTEIN-WEYL GRAVITIES
For finding quasinormal modes, it is necessary to solve the spectral problem with the appropriate boundary conditions: for a functions Ψ there are only incoming waves at the horizon (r * → −∞) and only the outgoing waves at the infinity (r * → +∞). Quite effectively this problem can be solved using the WKB-method [1, [41] [42] [43] . The advantages of this method over numerical methods is the ability to obtain low-lying quasinormal modes with sufficient accuracy automatically for a broad class of effective potentials, and, thereby, not to tailor the method for each case. The method gives good accuracy when n ≤ ℓ, where n = 0, 1, 2, .. is a overtone number. The general formula for the m-order of the WKB approach can be written in form:
Here, the Λ i are the correction term of the i-th order and Λ i depend on the value of the potentials V (r) and its derivative at the maximum, V 0 is a value of V (r) in r max and V ′′ 0 is a second derivative in r max . But the WKB series converges only asymptotically, there is no strict criterium for evaluation of an error. The higher accuracy of the WKB approach can be achieved the averaging of the Padé approximation [1] . We will use the fourth-order of the WKB approximation and apply further Padé expansion of the order which provides the best accuracy in the Schwarzschild limit [1, 43] .
A. An analytical approximation in the eikonal regime
In the regime of high multipole numbers ℓ (eikonal regime) it is sufficient to use the first order WKB formula:
When the multipole numbers ℓ is high the behavior of test fields of different spin obey the same law in the dominant order and the expression for ω for the Dirac field will be identical to the formulas for other spin. For Einstein-dilaton-Gauss-Bonnet case it was found for electromagnetic field [17] for small 1/ℓ:
where r max is the position of peak of the effective potential. For the Einstein-Weyl gravity the values of ω was found in [38] for small 1/ℓ, where t = 1054 − 1203p is a deviations from the Schwarzschild branch:
When p = 0 in the formula (12a) and t = 0 in (13a) these formulas go over into the well-known eikonal formula for the Schwarzschild black hole. A general approach to finding eikonal quasinormal modes for static asymptotically flat and spherically symmetric black holes has been recently suggested in [44] . It is worthwhile mentioning that the real and imaginary parts of the above eikonal formulas for test fields will coincide with the oscillation frequency and the Lyapunov exponents of the null geodesics in the background of the Einstein-dilaton-Gauss-Bonnet and Einstein-Weyl black holes [45] . However, this is not expected for the gravitational or other non-test (non-minimally coupled) fields [46] [47] [48] .
B. Quasinormal modes for low ℓ
For obtaining accurate values of quasinormal modes at low numbers ℓ we will use the fourth-order of the WKB approximation (10) and apply further Padé expansion of the order. In the figs. (3, 4) we construct the real (oscillation frequency) and imaginary (damping rate of oscillation) parts of the frequency ω on the values of the parameter p for various multipole numbers ℓ. As can be seen, the function ω(p) tends to be linear for all cases. This behavior is also characteristic of other test fields that were previously considered [17] , [20] . Comparing figs. (3, 4) , we can see that the deviations from Schwarzschild branch by the Weyl correction are much larger than the Einstein-dilaton-Gauss-Bonnet gravity. For the Einstein-dilaton-Gauss-Bonnet case values of the modes are decreasing when increasing the dimensionless parameter p. On the contrary, for Weyl case we see, that the oscillation frequency and the damping rate of oscillations are increasing with increasing p. This also follows from the form of curves for potentials figs. (1, 2) . With an increase the dimensionless parameter p for the Einstein-dilaton-Gauss-Bonnet gravity, the height of the potential barrier decreases, which is on the favor of lower bound states. For the Einstein-Weyl gravity, the maximum of potential V (r) increases with increasing p. It means, that with increasing p the corresponding frequencies are higher. Approximate calculation formulas for the complex frequency were found from the obtained data for different values ℓ. For Einstein-dilaton-Gauss-Bonnet it is (14):
Re(ω s=0.5,ℓ=1 ) ≈ 0.444 − 0.089p, Im(ω s=0.5,ℓ=1 ) ≈ −0.284 + 0.100p;
(14a) Re(ω s=0.5,ℓ=2 ) ≈ 0.927 − 0.189p, Im(ω s=0.5,ℓ=2 ) ≈ −0.269 + 0.086p;
(14b) Re(ω s=0.5,ℓ=3 ) ≈ 1.399 − 0.285p, Im(ω s=0.5,ℓ=3 ) ≈: −0.266 + 0.083p.
Accordingly, for Einstein-Weyl ℓ = 1, ℓ = 2, ℓ = 3, we have (15) :
Approximate dependencies for parts of the complex frequency in p were obtained in formulas (14) and (15) for low ℓ. For all options, we have a reasonable linear approximation, which is clearly visible in figs. (3) and (4).
C. The checking of Hod's conjecture
In work [35] , Hod put forward the statement for damping rate of the fundamental oscillation. In other words in the spectrum of quasinormal modes there always must exist a frequency whose absolute value of the imaginary part is smaller than π times Hawking temperature of the black hole. According to this statement, for asymptotically flat black holes as well as for nonasymptotically flat ones, the following inequality holds:
where T H is the Hawking temperature. The Hawking temperature T H for Einstein-dilaton-Gauss-Bonnet and Einstein-Weyl gravities can be written in the next form: From the fig. (5) it can be seen that for the whole interval of values of parameter p for Einstein-dilaton-Gauss-Bonnet and Einstein-Weyl metrics |Im(ω)| πTH ≤ 1. It means, that for the Hod's conjecture also holds for the cases considered.
IV. CONCLUSIONS
In this work we considered test massless Dirac field in Einstein-dilaton-Gauss-Bonnet and Einstein-Weyl gravities. It was shown that although the potential V − (r) of the Dirac field has a negative gap near the event horizon, we have proved that the Dirac field is stable in both considered theories. This is possible because of the stability of the second potential V + (r) and the iso-spectrality of both potentials. Quasinormal modes were obtained for both metrics for different values of the angular parameter ℓ. The dependence of the complex frequency on the new parameter p was constructed. The Einstein-Weyl gravity allows for much stronger deviations form the Schwarzschild geometry. Therefore, quasinormal modes of Einstein-Weyl black hole are more different from the Schwazrschild case than those of Einstein-dilaton-Gauss-Bonnet black hole, achieving the effect of tens of percents. In the last part of this work we shown, that the Hod's conjecture holds for Einstein-dilaton-Gauss-Bonnet and Einstein-Weyl gravities for the Dirac field.
In the future, it would be interesting to investigate the Dirac field including the massive term and check the possibility of the existence of the arbitrarily long-lived quasinormal modes, called quasiresonances [49] , for this case. In [50] it has recently been shown that the quasiresonances exist for the massive Dirac field in the Einstein theory, but no such study was performed in the higher curvature corrected theories. Our approach could also be extended to the case of Einstein-Gauss-Bonnet black holes with other types of coupling of the scalar field [51] as well as to scalarized black holes for whose metrics analytical approximations are known [52] . 
